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Executive Summary
To understand the status of the industry for non-starch alcohol and renewable hydrocarbon biofuels as of the end of calendar year 2016, the National Renewable Energy Laboratory (NREL) updated its annual survey of biofuel projects. This report presents the results of this survey, describes the survey and data collection methodology, and documents important changes to those methods since the 2015 survey (Schwab, Warner, and Lewis 2016) . Historically this survey has focused solely on the U.S., but in this 2016 report, international commercial-scale biorefinery projects are now included to assess the current status of commercial technologies.
The survey and data collection methods used in this 2016 report also changed relative to the 2015 survey. We began identifying non-starch alcohol and renewable hydrocarbon projects based on publicly available data obtained directly from company websites, press releases, and public filings. If the biorefinery project was active, then representatives from the companies or knowledgeable industry experts were directly contacted for data collection. Representatives from these companies or industry experts were asked a standard set of questions. Topics in the questionnaire included stage of development of the facility and its scale, feedstock, and biofuel products, among other questions. Industry experts from NREL and the U.S. Department of Energy validated the U.S. responses and compared them with publicly available data and experts from the International Energy Agency (IEA) Bioenergy Task 39 network vetted international data. Due to the lack of available contacts, data on inactive projects (e.g., idled biorefineries) are often based on prior survey responses or publicly available data. Table ES-1 summarizes biorefinery project counts from this survey, organized by feedstock and technology categories. Ninety-eight U.S. pilot-, demonstration-, and commercial-scale biorefineries and 31 international commercial biorefineries were found with sufficient data for inclusion in this report. (5) 11 ( Operating projects are in ( ). BC = biochemical, HC = hydrocarbons, TC = thermochemical. The published literature includes a number of biofuels industry data compilations, covering a range of products, technologies, countries, and timeframes (Hart Energy 2011; Bacovsky et al. 2013; Soleki et al. 2014; Lane 2013; British Petroleum 2016; PricewaterhouseCoopers LLP 2014; IEA 2016; USDA 2016; IEA 2014; IRENA 2016) . In the past, extensive review and reconciliation across these differing sources was required to keep track industry progress by, for example, creating inputs to models tracking industry development (Peterson et al. 2013 ).
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This survey report was established to provide a publicly available, open-source documentation of the status of the non-starch alcohol and renewable hydrocarbon 1 biofuels industry in the United States as it existed at the end of 2016. This 2016 survey has been expanded to include non-U.S. commercial projects in order to provide a summary of the state of commercial biofuel technologies. The expansion of this report's scope is the outcome of collaboration on data collection and vetting with the International Energy Agency (IEA) Task 39 project "Second Generation Biofuel Demonstration Facilities," which is managed by Bioenergy2020+ GmbH (IEA 2016) . Collaboration helped reduced duplicative data collection and vetting, and improved assessment of the commercial biofuel technologies.
Methodology
Besides international commercial projects, this survey methodology was also expanded to include data collection on projects producing products intermediate to fuel production, such as cellulosic sugars and pyrolysis oils and the addition of new conversion technologies to existing biorefineries based on the identification of growth in these types of projects in the 2015 survey. For the purposes of this survey, a "project" is considered to include a biorefinery, the expansion of existing biorefinery capacity, or the addition of new conversion technologies, such as for the conversion of corn kernel cellulose at corn ethanol dry mills.
Updates to the methodology used in the 2015 biorefinery survey (Schwab, Warner, and Lewis 2016) included more focused outreach to biorefinery projects. For U.S. projects, the original list of survey recipients from 2015 formed the basis of the initial 2016 survey of the U.S. project population. The initial U.S. project list was expanded based on searches of public data to include projects that were founded since the 2015 survey. The IEA Task 39 database of biofuel facilities was used for data on international commercial projects (IEA 2016) . If a biorefinery project was active, then attempts were made to contact representatives from the companies or knowledgeable industry experts for the vetting of collected data. Due to the lack of available contacts and historic response rates, data on inactive projects (e.g., idled biorefineries) may be based on prior survey responses or publicly available data. Industry experts from the National Renewable Energy Laboratory (NREL) and the U.S. Department of Energy validated the U.S. responses and experts from the IEA Bioenergy Task 39 network vetted international data. The online survey methodology from the 2015 report can be found in Schwab, Warner, and Lewis (2016) .
Identified projects were screened to ensure that they fell within the defined scope of this study as a non-starch alcohol or renewable hydrocarbon biofuels producer planning, developing, owning, or operating (including operating, commissioning, and start-up) a pilot-, demonstration-, or commercial-scale (including pioneer-and full commercial-scale) biorefinery in the U.S. or a commercial project internationally. Projects that had been cancelled were eliminated from the dataset in this report. Pre-commercial (i.e., pilot-and demonstration-scale) facilities with those assets that had been sold off and are now defunct were also eliminated.
We collected information on 129 projects (98 in the U.S. and 31 internationally) operated by 87 companies. Twenty-seven of the companies operated multiple facilities in the U.S. or internationally. Three companies have facilities for which they are pursuing capacity expansions of the installed technology, and 11 companies are pursing the addition of new conversion technologies to an existing facility. Data for all projects were supplemented based on research of publicly available information. Data updates were compiled through early December 2016.
Requested or collected project details included company information, stage of development, facility scale, feedstock, technology, product, and more. Appendices A-E define the major categories used to organize project data used in this report: stage of development of facility, scale, technology type, feedstock, and anticipated product/market. The availability of precise data on biorefinery projects varied, so organizing categories should not be interpreted as providing a complete picture of an individual project. For example, companies typically employ a proprietary conversion process and there may be aspects of a company's process that incorporate elements of technologies other than the primary deconstruction and upgrading technologies indicated in Appendix C. Data from the 2015 survey in Schwab, Warner, and Lewis (2016) and IEA Task 39 was translated into this organizational framework.
Stages of Biorefinery Development
This report follows a staged development process and groups facilities into pilot-, demonstration-, and commercial-scale facilities as defined previously (DOE 2016) . We reviewed the definition to be as specific as possible in its application to this report. We will continue to work with the Bioenergy Technologies Office to ensure that we are not excluding or including plants that respectively should or should not be included. Typically, a company will select an economically promising feedstock and technology pathway combination and move incrementally up the development scale chain in the following order (see Appendix B):
1. Pilot-scale: verifying the integrated technical performance of the selected suite of unit operations and conversion technologies.
2. Demonstration-scale: providing engineering and operating data and equipment specifications for the next development step.
mitigating project risk and improving a company's confidence in its technology design prior to construction of a large commercial facility. As an expected part of the development process, smaller-scale facilities can eventually become idle (or be repurposed) as the project matures or once a facility has served its purpose and larger-scale facilities are built. ). Ninety-eight U.S. pilot-, demonstration-, and commercial-scale projects and 31 international commercial projects were found with sufficient data to be included in this report. For use in this survey report, we obtained and validated data from 39 U.S. non-starch alcohol projects, 46 U.S. renewable hydrocarbon projects, and 13 U.S. projects for producing intermediate products (e.g., cellulosic sugars and pyrolysis oil). We also obtained and validated international commercial data from 13 non-starch alcohol projects, 12 renewable hydrocarbon projects, and 6 projects for producing intermediate products. (5) 11 ( (25) 24 (12) 33 (9) 31 (21) Operating projects are in ( ). BC = biochemical, FOG = fats, oils, and greases, HC = hydrocarbons, TC = thermochemical.
Survey Results
Of the U.S. commercial projects, 26% of the non-starch alcohol projects, 31% of the renewable hydrocarbon projects, and 0% of the intermediate product projects were operational (producing fuel or in commissioning) at the end of 2016. Of the commercial projects internationally, 54% of the non-starch alcohol projects, 75% of the renewable hydrocarbon projects, and 67% of the intermediate product projects were operational. Figure 1 summarizes commercial non-starch alcohol projects identified during this survey. Table  2 summarizes the U.S. and international commercial non-starch alcohol projects from this survey. Table 2 also summarizes the technology and feedstock categories used in each project. The majority of U.S. and international projects are using an acid or enzymatic (A/E) pretreatment and fermentation technology as well as using corn kernel cellulose or herbaceous (i.e., corn stover and dedicated energy crops) for A/E pretreatment and fermentation projects. 
Status of Commercial Non-Starch Alcohol Biorefineries
A/E Pretreatment Fermentation U.S. 11 (3) 3 (2) 1 (0) 1 (0) 1 (0) 17 (5) Gasification Syngas Catalytic U.S. 1 (0) 1 (0) Gasification Fermentation U.S. 1 (0) 1 (0) U.S. Total 11 (3) 3 (2) 1 (0) 3 (0) 1 (0) 19 (5) A/E Pretreatment Fermentation International 1 (0) 9 (6) 1 (0) 11 (6) Gasification Syngas Catalytic International 2 (1) 2 (1) Gasification Fermentation International 0 International Total 1 (0) 9(
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This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. 
Acidic or Enzymatic Pretreatment of Cellulosic Feedstocks with Fermentative Upgrading
The majority (see Table 2 ) of the U.S. (89%) and international (85%) projects involve A/E pretreatment and fermentation of cellulosic biomass. The majority of these projects use corn kernel cellulose or crop residues as feedstocks. These projects are covered separately below due to the differences in the technologies for conversion. All anticipated operational start dates described below for this technology represent forward-looking projections from the survey, which will be updated in future studies after these projects become operational.
In the U.S., many projects are pursuing innovative routes for cellulosic ethanol production through the addition of new conversion technologies. Several conversion technologies are being developed that could be integrated into existing corn grain ethanol dry mill biorefineries for the production of cellulosic ethanol from corn kernel cellulosic fibers. At the end of 2016, two commercial-scale facilities were under construction to produce cellulosic ethanol. The total U.S. and international under-construction capacity is 6 and 18 MMGY. Fiberight broke ground in 2016 in Maine on its 6-MMGY cellulosic ethanol from municipal solid waste (MSW) plant and the facility is expected to begin operations in 2018 (Sapp 2016b) . Beta Renewables broke ground in 2016 in Slovakia for an 18-MMGY facility for producing cellulosic ethanol from wheat straw and corn stover, with operations expected to begin in 2018 (Beta Renewables 2016b).
At the end of 2016, four commercial-scale facilities are in planning stages and one facility is planning to expand cellulosic ethanol production, with two U.S. projects and three projects in China. The total U.S. and international planned capacity is 42 and 97 MMGY, respectively. ZeaChem is planning a facility in Oregon for 22 MMGY of cellulosic ethanol and bioproducts from wood and the facility is expected to begin operations in 2018 (ZeaChem 2016). Beta Renewables is planning a facility in North Carolina for 20 MMGY cellulosic ethanol from energy grasses and the facility is expected to begin operations in 2018 (Beta Renewables 2016c). Beta Renewables is planning on facilities in China for 30 MMGY for producing cellulosic ethanol from wheat straw and corn stover, with operations expected to begin in 2018 (Beta Renewables 2016d). COFCO Zhaodong Co. is planning a facility in China for 12 MMGY of cellulosic ethanol from energy crops and is expected to begin operations in 2018. Henan Tianguan Group's 14-MMGY facility has a planned expansion of 50 MMGY for 2018.
At the end of 2016, Abengoa's 25-MMGY idle facility was sold off to Synata Bio, Inc. (Neeley 2016) . Abengoa began construction in 2011 in Kansas on the 25-MMGY facility, began operating in commissioning and start-up in 2014, but idled the plant in 2015 due to insolvency of the parent company (Lane 2015a).
Gasification of Cellulosic Feedstocks with either Catalytic Upgrading or Fermentative Upgrading of Syngas
Eleven percent of U.S. projects and 15% of international projects involve gasification. One U.S. project using gasification deconstruction and fermentation upgrading is INEOS New Planet BioEnergy. INEOS began construction in 2011 in Florida on an 8-MMGY facility for producing cellulosic ethanol from MSW. The facility began operating in commissioning and startup in 2012, the plant was shut down several times from 2012-2015 for maintenance and upgrades, and then in 2016 the plant was shuttered for potential sale (Voegele 2016 ). All U.S. and international projects using a gasification deconstructions process and catalytic upgrading to fuels belong to Enerkem. Enerkem broke ground in 2012 in Canada on its first 100-MMGY facility, began operating in commissioning and startup in 2014, began producing cellulosic methanol from MSW in 2015, and is expected to produce cellulosic ethanol in 2017. Enerkem has two similar projects in the planning stages, one in Canada, and one at a site in Mississippi, USA.
Status of Pre-Commercial Non-Starch Alcohol Biorefineries in the U.S.
Figure 2 summarizes pre-commercial (pilot-and demonstration-scale) non-starch alcohol projects identified during this survey. In 2016 in the U.S., six demonstration and nine pilot projects were operating. No projects were identified as being in the planning or construction phases. Compared to commercial projects, current data availability for these pre-commercial projects is more limited.
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This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. A/E = acid/enzymatic, MSW = municipal solid waste, PBR = photobioreactor. Table 3 summarizes the U.S. demonstration-scale and pilot-scale non-starch alcohol projects from this survey. The majority of the demonstration (64%) and pilot (54%) projects involve A/E pretreatment and fermentation with the remainder employing technologies that use gasification followed by catalytic upgrading, fermentation upgrading, or the use of algae.
Table 3 also shows that the majority of U.S. demonstration-and pilot-scale projects are using herbaceous (i.e., corn stover and dedicated energy crops) for A/E pretreatment and fermentation projects: 57% of U.S. projects use herbaceous feedstocks, 29% of the projects use wood-based (i.e., MSW or woody biomass) feedstocks, and 14% of the projects use corn kernel cellulose. All A/E pretreatment to cellulosic sugar projects are using woody biomass, all the gasification projects are using a wood-based biomass feedstock, and there are three projects for producing non-starch alcohol from algae. Deconstruction Upgrading 
Status of Commercial Renewable Hydrocarbon Biorefineries
In the U.S., about 500 million gallons of hydrocarbons from fats, oils, and greases (FOG) were supplied (includes production and imports) in 2014, about 530 million gallons of hydrocarbons from FOG were supplied in 2015, and as of December 2016, about 550 million gallons of hydrocarbons from FOG were supplied in that year (EPA 2016). In the U.S. in 2014, only around 5,000 gallons of hydrocarbons from cellulose were supplied; around 0.28 million gallons of hydrocarbons from cellulose were produced in 2015, and as of November 2016, 0.53 million gallons of hydrocarbons from cellulose were produced that year (EPA 2016). Figure 3 summarizes the U.S. and international commercial-scale renewable hydrocarbon projects identified for this survey. 2 Table 4 summarizes the U.S. and international commercial renewable hydrocarbon projects from this survey. Most U.S. and international projects are using catalytic upgrading of FOG. Most of the remaining U.S. and international projects are producing renewable hydrocarbons from wood using thermochemical processes: i.e., gasification and catalytic upgrading through the catalytic upgrading of syngas, pyrolysis and catalytic upgrading of oils, and pyrolysis to pyrolysis oil for use as heating oil or as feedstock into a petroleum refinery. 
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Catalytic Upgrading of Fats, Oils, and Greases
Hydrotreating of FOG (from crops or wastes) is an alternative process to biodiesel (i.e., esterification) for producing biomass-based diesel fuels. Hydrotreated products are also called renewable diesel fuels in the U.S. and can be used in vehicles without engine modifications and can utilize existing petroleum distribution systems. The majority (see Table 4 ) of the U.S. (64%) and international (61%) projects involve catalytic upgrading of FOG from crops or waste sources. All anticipated operational start dates described below for this technology represent forward-looking projections from the survey, which will be updated in future studies after these projects become operational.
At the end of 2016, 14 commercial-scale facilities were operating to produce renewable hydrocarbons from FOG, with five projects in the U.S., three projects in Finland, one project in Singapore, one project in Sweden, three projects in Spain, and one project in Italy. The total U.S. operating capacity is 280 MMGY. AltAir Fuels retrofitted an existing petroleum refinery in 2014 in California for a 42-MMGY facility to primarily produce jet fuel and began operating late 2015 (Lane 2016) . At the end of 2016, two commercial-scale facilities are in the planning stages to produce renewable hydrocarbons from FOG in the U.S. The total U.S. planned capacity is 210 MMGY. Emerald Diesel is planning a facility in Louisiana for 88 MMGY of renewable diesel, and the facility is expected to begin operations in 2019. SG Preston is planning a facility in Ohio for 120 MMGY of renewable diesel and jet fuel and the facility is expected to begin operations in 2020 (SG Preston 2016).
In the U.S., Green Energy Products began producing renewable diesel in 2015 from a 3-MMGY commercial-scale facility in Kansas from corn oil, but the facility was idled in 2016, likely due to a fire at the co-located biodiesel facility in 2013 and the subsequent parent company bankruptcy (Voorhis 2016) . 
Gasification of Cellulosic Feedstocks and Catalytic Upgrading of Syngas
Pyrolysis of Cellulosic Feedstocks and Catalytic Upgrading of Oils
At the end of 2016, three commercial-scale facilities are operating to produce renewable hydrocarbons from woody biomass, with a project each in Finland, the Netherlands, and Canada. The total international operating capacity is 19 MMGY. In 2015, BTG began operating a 5.3-MMGY facility in the Netherlands to produce stabilized pyrolysis oil for feeding into a petroleum refinery. In 2014, Ensyn and Fortum began operating 3-MMGY and 11-MMGY facilities in Canada and Finland, respectively, to produce stabilized pyrolysis oil for heating oil.
At the end of 2016, one commercial-scale facility was under construction in Canada to produce renewable hydrocarbons from wood through pyrolysis for stable pyrolysis oil that can serve as a feedstock to a petroleum refinery. The total international under-construction capacity is 230 MMGY. In 2016, Ensyn broke ground at Cote Nord on a 10-MMGY facility with plans to begin operating in 2017. At the end of 2016, two 20-MMGY commercial facilities were planned in the U.S. and Brazil to produce renewable hydrocarbons from wood. Both facilities are intended to be operating in 2019.
In the U.S., KiOR began producing renewable diesel in 2013 from a 13-MMGY facility in Mississippi that used pyrolysis and catalytic oil upgrading, but the facility was idled in 2014 (Mississippi Business Journal 2014). In 2015, the KiOR facility was sold to Renewable Energy Group for the equipment, and the company has no plans to run the facility (Lane 2015b) .
Algae Technologies for Producing Oils
At the end of 2016, one commercial-scale facility in Brazil was producing algal oils. Solazyme broke ground in 2012 in Brazil for a 2.7-MMGY facility to produce oils from algae for either the production of jet fuel or bioproducts and began operating in 2015 (Solazyme 2016) .
Status of Pre-Commercial Renewable Hydrocarbon Biorefineries in the U.S.
Figure 4 summarizes U.S. demonstration-and pilot-scale renewable hydrocarbon projects identified during this survey. Table 5 summarizes the demonstration and pilot renewable hydrocarbon projects. Table 25 also summarizes the technology and feedstock categories used in each project. In the U.S. in 2016, five demonstration and 15 pilot projects were operating with one demonstration and one pilot project scheduled to become operational sometime after the end of 2016. No pilot projects are under construction. Sixty percent of the demonstration and pilot projects use MSW or woody biomass, 20% use algae, 10% use cellulosic sugars, 7.5% use FOG, and 2.5% use crop residues. Compared to commercial-scale projects, current data availability for these pre-commercial projects is more limited. 
Future Directions
The purpose of this report is to document the status of the non-starch alcohol and renewable hydrocarbon biofuels industry and provide perspective on the development of this industry over time. Future improvements will continue to focus on ensuring all existing and new facilities and companies are identified and expanding the type of data gathered on each facility. Future improvements could include additional analysis of commercial-scale biofuel production capacity over time as well as more robust analysis of companies that have carried out pilot, demonstration, and commercial projects. This could include more analysis of how existing capital is used for biorefineries and ramp-up and commissioning of biorefineries. We welcome feedback and suggestions and especially appreciate information from companies currently represented as well as companies that were not included in this report.
